Abstract. The purpose of this study was to develop a clear aqueous mixed nanomicellar formulation (MNF) of dexamethasone utilizing both D-α-tocopherol polyethylene glycol-1000 succinate (Vit E TPGS) and . In this study, Vit E TPGS and Oc-40 are independent variables. Formulations were prepared following solvent evaporation method. A three level full-factorial design was applied to optimize the formulation based on entrapment efficiency, size, and polydispersity index (PDI). A specific blend of Vit E TPGS and Oc-40 at a particular wt% ratio (4.5:2.0) produced excellent drug entrapment, loading, small mixed nanomicellar size and narrow PDI. Solubility of DEX in MNF is improved by~6.3-fold relative to normal aqueous solubility. Critical micellar concentration (CMC) for blend of polymers (4.5:2.0) was found to be lower (0.012 wt%) than the individual polymers (Vit E TPGS (0.025 wt%) and Oc-40 (0.107 wt%)). No significant effect on mixed nanomicellar size and PDI with one-factor or multifactor interactions was observed. Qualitative 1 H NMR studies confirmed absence of free drug in the outer aqueous MNF medium. MNF appeared to be highly stable. Cytotoxicity studies on rabbit primary corneal epithelial cells did not indicate any toxicity suggesting MNF of dexamethasone is safe and suitable for human topical ocular drops after further in vivo evaluations.
INTRODUCTION
Dexamethasone (DEX), a glucocorticoid, is widely indicated as an anti-inflammatory and immunosuppressive drug (1) following cataract surgery or corneal procedure (2, 3) . DEX is also used in the treatment of posterior segment eye diseases such as uveitis and macular edema (4, 5) . It exerts anti-inflammatory activity by inhibiting multiple inflammatory cytokines (6, 7) . Additionally, DEX aids in lowering edema, fibrin deposition, retinal vein occlusion and migration of inflammatory cells (8) (9) (10) . Conventional routes of drug administration such as oral or intravenous injections are known to cause gastric irritation and systemic toxicity at high doses or with chronic administration. To lower such adverse side effects, current research has been focused on local delivery of the drug. In this regard delivery systems including, but not limited to, microparticles (11) , nanoparticles (12) and liposomes (13) are being studied following invasive mode of administration (intravitreal implants (14) , intravitreal and peribulbar, subconjunctival injections) (15) . However, none of the injectable strategies appears to be patient acceptable due to invasive methods including surgery, ocular injections for posterior segment disease treatment. Chronic treatment through these strategies is associated with side effects such as cataract progression, glaucoma, endophthalmitis, pseudoendophthalmitis, retinal detachment, hemorrhage, and elevated intraocular pressure (16) (17) (18) . There is still an unmet need for development of an aqueous, clear topical drop formulation with prolonged release of DEX in therapeutic concentrations to ocular tissues. Amphiphilic polymers are useful in developing nanomicellar formulation. In the current study, we selected D-alpha tocopherol polyethylene glycol 1000 succinate (Vit E TPGS) and octoxynol-40 (Oc-40) as polymers.
Vit E TPGS is a safe and FDA approved water-soluble derivative of vitamin E. It is a nonionic polymer with a hydrophilic lipophilic balance (HLB index) of about 13 (19) . It is generally added to lipid based drug delivery systems as a stabilizer. Oc-40 is a nonionic surfactant approved by FDA as a food additive and other pharmaceutical applications. Oc-40 (IGEPAL CA-897) has HLB index of about 18. Polymeric hydrophilic corona interacts with the external aqueous phase and prevents drug interaction with aqueous solution resulting in a stable aqueous solution. Also, the interaction between encapsulated drug and polymers may sustain drug release. Additionally, these polymer combinations may lower critical micellar concentration. This perfect blend of polymers is optimal to formulate concentrated aqueous DEX solution. The steroid is not very soluble in aqueous medium (159 μg/mL) with partition coefficient (log Ko/w) of 1.72 (20) .
Amphiphilic nature of Vit. E TPGS and Oc-40 allows spontaneous formation of spherical nanomicelles with a hydrophobic interior and hydrophilic corona in aqueous milieu. It allows high concentrations of hydrophobic DEX to be incorporated into the micellar core. Therefore, the objective of this study was to optimize and develop a clear, stable, aqueous DEX-loaded mixed nanomicellar formulation (MNF) with full-factorial statistical design of experiments (DOE). Standard least square fit analysis was performed to identify the ideal polymeric blend to encapsulate DEX. Our method of DEX formulation preparation is simple, reproducible, easy to scale up for large-scale production (21) and most importantly minimizes drug loss in the manufacturing process.
MATERIALS AND METHODS

Materials
Dexamethasone and prednisolone were obtained from Tokyo chemical industry Co., Ltd, Japan. Vitamin E TPGS was purchased from Peboc division of Eastman Company, UK. Octoxynol-40 (Igepal) was obtained from Rhodio Inc., NJ, USA. HPLC grade methanol, acetonitrile, and dichloromethane were procured from Fisher Scientific, USA. Ethanol was purchased from Aaper alcohol and chemical Co. 
Methods
HPLC Analysis
Analysis of DEX were performed by a reversed phase high performance liquid chromatography (RP-HPLC) method with a Waters 515 HPLC pump (Waters corporation, Milford, MA), Alcott autosampler (model 718 AL), Alcott 795 UV/ Visible detector, Zorbax SB-phenyl column (5 μm, 25 × 4.6 mm) (Agilent Technologies, Santa Clara, CA) and Hewlett Packard HPLC integrator (Hewlett Packard, Palo Alto, CA). The mobile phase was comprised of acetonitrile (ACN), water and trifluoroacetic acid (TFA) (40:60:0.1%v/v), which was set at a flow rate of 1 mL/min. Detection wavelength was set at 254 nm. Calibration curve (0.5 to 1.5 μg/mL) for DEX was prepared by making appropriate dilutions from the stock solution. Prednisolone (1 mg/mL) was appropriately diluted and used as internal standard. An injection volume of 50 μl was injected into the HPLC column for analysis.
Sensitivity of the method was established with limit of detection (LOD) and limit of quantification for DEX with signal to noise ratio of 5:1. LOD and LOQ were determined by injecting a series of known concentrations of DEX. Precision was carried out at the LOQ level by injecting six replicates of DEX preparations at LOQ concentration by calculating relative standard deviation for each peak area. Intra-day and inter-day (three different days) RSD of <2.0% was considered to be acceptable for analytical method sensitivity.
Experimental Design
As a preliminary study to screen the weight percent of polymers, effects of formulation variables on DEX entrapment, MNF size and polydispersity index (PDI) were evaluated based on statistical design of experimental (DOE) protocol. Student version of JMP® 9.0 software (SAS institute, USA) was used to develop the experimental design and analyze the data. Two independent (X1 and X2) and three dependent variables (Y1, Y2, and Y3) were identified. Independent variables X1 and X2 are Vit E TPGS and Oc-40, respectively. Dependent variables Y1, Y2 and Y3 represent percent entrapment efficiency, micellar size and polydispersity index, respectively. "Screening design" option in JMP® was selected to create a design that included the categorical variables that cannot be quantified. In the same way, other continuous variables (polymer concentration in weight percent (wt%)) were selected. A three level full-factorial design with nine runs was chosen from the "design list" (Table I) . Coded values −1, 0, +1 were assigned to the weight percent levels for the two polymers.
Preparation of DEX-Loaded Mixed Nanomicelles
Mixed nanomicellar formulation of DEX was prepared by solvent evaporation method. The interactions between the hydrophobic core of polymers and the drug (0.1 wt%) improve the drug entrapment. Direct addition of the drug to the aqueous polymeric solution leaves most of the added drug unentrapped. Therefore, the novel formulations were prepared in two steps:
1. Preparation of basic formulation and 2. rehydration. In step one, DEX, Vit E TPGS and Oc-40 were dissolved separately in 10 mL of ethanol. These three solutions were mixed together in a round bottom flask to obtain a homogenous solution. Ethanol was removed by rotary evaporation to obtain a solid thin film. The residue was kept overnight under high vacuum at room temperature to remove residual solvent. In step two, the resultant thin film was hydrated with 50 mL of double distilled deionized water and kept under sonication for 20 min in a water bath sonicator (50/60 Hz, 125 W). The volume of the rehydrated formulation was made up with 2× phosphate buffer solution, (pH 6.8). Further to improve the viscosity of the MNF, povidone K 90 (solution viscosity enhancer) was added and mixed to obtain a clear solution. The solution was filtered through 0.2 μm nylon filter membrane to remove the unentrapped drug aggregates and other foreign particulates.
Characterization of Mixed Nanomicelle Formulation
Optical Clarity/Appearance. The optical clarity of all sample solutions was assessed by measuring absorbance at 400 nm with a UV/Visible spectrophotometer, (Model: Biomate-3, Thermo Spectronic, Waltham, MA). One milliliter of each sample was placed in a cuvette and absorbance was recorded (N = 3). Distilled deionized water served as the blank/control.
Osmolality and pH. Osmolality was measured with osmometer (The advanced Osmometer Model 3D3, Two technology way, Norwood, Massachusetts, USA). A sample volume of 400 μL was used to measure osmolality. The pH of the samples was measured with Oakton pH meter (Model: pH 510 series, Oakton Instruments, Vernon Hills, IL). Osmolality and pH for the prepared MNF is critical and need to be maintained in the physiological range to avoid adverse effects of the formulation on the eye. In general, to adjust tonicity, agents such as glucose, xylitol, glycerol, boric acid or sodium chloride are used (22) . Tears have the tonicity equivalent to 0.9% solution of sodium chloride (23) which produces osmolality of~305 mOsm/kg. Hypertonicity or hypotonicity of the topical drops may cause irritation to the eye. To maintain isotonic with tears, prepared formulations were subjected to tonicity testing and adjusted with sodium chloride solution tõ 305 mOsm/kg. The pH of the tear ranges from 7.31 to 7.62 (24) . Variation in the pH may have detrimental effects on the eye. Therefore, the pH of the formulations was adjusted similar to the tear pH of~6.8±0.1 with 0.1 N sodium hydroxide or hydrochloric acid solution.
Viscosity. MNF viscosity was measured with OstwaldCannon-Fenske viscometer. The viscometer was filled from one end with sufficient volumes of MNF with extreme care to avoid air bubble formation. The solution was aspirated from the other end. Time taken by the liquid to flow down under gravity was measured. Density of the liquid was also determined.
Thermal Dissociation. Experiments were carried out to determine the thermal stability of the MNFs. Glass vials containing samples were kept in water bath with a thermometer inserted inside the glass vial. Formulation dissociation studies were conducted over a range of 30°C to 100°C to determine their thermal stability. Formulations were observed for development of turbidity and temperature was recorded.
Mixed Nanomicellar Regeneration Time. After attaining the turbid temperature, the samples were allowed to cool down to room temperature. Time taken by the turbid sample to become transparent or to original clear solution state, was recorded. This duration of time is noted as regeneration time.
Mixed Nanomicellar Size, PDI and Surface Potential. The mean hydrodynamic micellar size, distribution, P.D.I and surface potential of MNFs were measured by dynamic light scattering (DLS) (Brookhaven instruments Corporation, Austin, TX, NY). A sample volume of 500 μL for size, distribution, PDI and 1,000 μL for surface potential measurement was used. The average values of three micellar diameter measurements were calculated for all samples.
Transmission Electron Microscopy
To determine the shapes and surface morphology of DEX-loaded MNF transmission electron microscopy (TEM) (TEM: JEOL JEM 1200 EX II Electron Microscope) was utilized. Sample preparation included the grids (Ted pella Inc): glider grids center marked, 300 mesh copper G300. A layer of nitrocellulose and carbon in the evaporator was applied. To fix DEX mixed nanomicelles on the grids, uranyl formate (UF) stain (Pfaltz and Bauer Inc, U01000 lot 115080-3) was utilized. To prepare a 1% stain, 37.5 mg of UF was added to 5 mL of boiling water. Further the solution was boiled for 5 min and then 50 μL of 1 M NaOH was added and boiling was continued for 5 min. The solution was allowed to cool to room temperature and then filtered prior to use. To visualize mixed nanomicelles with TEM, negative staining was applied. Preparation of negative staining is described here.
Negative stain: The grids were etched for 30 s with SPI supplied Plasma Prep II, then added to 5 μL of DEX mixed nanomicellar sample was added on to the grid as a drop, allowed 30 s to adsorb onto the grid. It was rinsed three times with distilled deionized water and stain was applied for 30 s. The stain was blotted with filter paper and dried.
Entrapment and Loading Efficiency
The entrapment efficiency is the percentage of drug loaded with respect to the amount of initial drug. In the present study, the total amount of entrapped drug in the formulation was determined by RP-HPLC. Ten milliliter of each MNF sample was collected and centrifuged at 10,000 rpm for 10 min at 4°C. One milliliter of supernatant was carefully collected into fresh vials and lyophilized to obtain a solid pellet. In the organic phase, the orientations of hydrophobic and hydrophilic segments are reversed to form reversed (25) and release the contents. Addition of dichloromethane reverses the MNF and release the drug in the surrounding organic environment. This solution mixture was evaporated under speed vacuum (Genevac Technologies VC3000D speed vacuum, USA) to obtain a solid pellet of reverse micelles. Further, this solid pellet was appropriately diluted in HPLC mobile phase and the amount of drug present in the samples was determined. Amount of drug in the core of micelles was calculated by subtracting the total amount of unentrapped drug from the amount of entrapped drug. The percent entrapment and loading efficiency of the DEX was calculated by the following equations:
Percent drug entrapped ¼ mass of DEX in nanomicelles mass of DEX added in formulation Ã 100
ð1Þ
Loading efficiency ¼ mass of DEX in nanomicelles mass of DEX added þ mass of polymers used ½ Ã 100 ð2Þ
Determination of Critical Micellar Concentration
Critical micellar concentration (CMC) of the individual polymers i.e., Vit E TPGS and Oc-40, and a blend of polymer mixture used in the preparation of MNF was determined (N= 3) following a slight modification of previously described procedure (26, 27) . CMC was determined with iodine as a probe. Earlier studies demonstrated that CMC values determined with iodine as probe were similar to other methods such as static surface tension and differential refractive index (28) . Iodine, I 2 , is fairly hydrophobic and particularly insoluble in water. The aqueous solubility of I 2 is improved by adding its salt, potassium iodide, which forms KI 3 solution. When this solution is added to the polymer solution and incubated for sufficient time, pure I 2 from KI 3 partitions into the hydrophobic core of mixed nanomicelles. Iodine partitioning develops a donor-acceptor complex between polymer and I 2 (in aqueous medium) with electron donation by ether oxygen of polyoxyethylene group (28) . The micelle entrapped I 2 shows a blue shift from 460 to 366 nm in the presence of polymeric surfactant medium. Shift in absorbance is due to the donation of electrons to the vacant σ* orbital of iodine by the ether oxygen of polyoxyethylene group of the polymer. Partitioning of the iodine into the hydrophobic microenvironment/core of nanomicelles causes a rise in iodine absorbance indicates increase in micelle concentration. As the concentration of monomers in the formulation increases, a sudden rise in absorbance will be observed. The point at which the constant absorbance values and the increased absorbance intersect is regarded as CMC. Briefly, thirty different concentrations of the polymer solutions ranging from 1 to 4.5×10 −5 wt% were prepared. Similarly, other blend of polymers were diluted to determine their CMC. Iodine solution was prepared by dissolving 0.5:1 ratio of iodine and potassium iodide in distilled deionized water. Iodine solution was protected from light. The resulting solution was diluted to half of its original concentration with distilled deionized water for further experiments. Iodine solution (25 μL) was added to each polymer solution. All the solutions were incubated at room temperature for 15 h in dark. After allowing sufficient incubation time, samples (200 μL) were transferred to 96 well plates. Absorbance of hydrophobic iodine, I 2 , entrapped in the core of mixed nanomicelle was measured with the help of DDX 880, Beckman Coulter, and multimode detection software version 2.0.012.
H NMR Characterization
Qualitative studies were conducted with proton nuclear magnetic resonance ( 1 H NMR) analysis to determine the presence of free DEX in the solution. Studies were performed for DEX, blank MNF and DEX-loaded in Vit E TPGS/Oc-40 mixed nanomicelles. 
Cell Culture
Following topical drop administration, MNF comes in contact primarily with corneal epithelial cells. Therefore, we aimed to test the effect of MNF on rabbit primary corneal epithelial cells (rPCEC) cells. Rabbit corneal epithelial cells were cultured according to a previously published method from our laboratory (29) . In brief, cells were grown with culture medium comprising MEM, 10% FBS, HEPES, sodium bicarbonate, penicillin, streptomycin sulfate, and 1% (v/v) nonessential amino acids, adjusted to pH 7.4. Cells were grown at 37°C, in a humidified atmosphere of 5% CO 2 and 90% relative humidity. Culture medium was replaced every alternate day. Cells with passage numbers between 14 and 20 were selected for further experiments.
Cytotoxicity Assay
In vitro cytotoxicity of blank and DEX-loaded MNFs was carried out with Cell Titer 96® Aqueous Non-Radioactive Cell Proliferation Assay Kit (Promega, Madison, WI). rPCEC cells were grown on 96-well plates at a density of 10,000 cells/well. MNFs (blank and DEX-loaded) were prepared in serum free cell culture media. Further, these formulations were filtered with 0.22 μm nylon membrane filters under laminar flow. To each well 100 μL of MNFs (blank and DEX-loaded) were added and cells were incubated for 1 h at 37°C. Cell proliferation in the presence of blank and DEX-loaded MNFs was compared with a serum free cell culture medium (without drug) and 10% Triton-X 100 as negative and a positive control respectively. After sufficient incubation, the amount of formazan formed was measured with a 96-well micro titer plate reader (SpectraFluor Plus, Tecan, Maennedorf, Switzerland). Absorbance was set at 490 nm wavelength and it was directly proportional to the number of living cells in culture.
LDH Assay
In vitro cytotoxicity (rPCEC plasma membrane damage) of blank and DEX-loaded MNFs was quantitatively measured with Takara Aqueous Non-Radioactive LDH cytotoxicity detection Kit (Takara Bio Inc, CA, USA). rPCEC cells were grown on to 96-well plates at a density of 10,000 cells/well. MNFs (blank and DEX-loaded) were prepared as described above. One hundred microliters of blank and DEX-loaded MNFs were added to each well. Following this cells were incubated for 2 h, 6 h and 24 h at 37°C. In this assay cell culture media and 10% Triton-X 100 served as negative and positive controls, respectively. After incubation, the plate was centrifuged at 250×g for 10 min and 100 μL of supernatant was collected to quantify the released LDH following manufacturer's protocol. The amount of LDH formed was utilized to calculate the cytotoxicity as shown in equation (Eq. 3). %Cytotoxicity ¼ exp:value−cell culture medium value Triton X-100−cell culture medium value Ã 100
In Vitro DEX Release A fixed volume (1 ml) of DEX-loaded micellar solutions prepared with only Vit E TPGS and a blend of Vit E TPGS and Oc-40 (4.5:2.0) was suspended in dialysis bag (molecular mass cut-off 1,000 Da, Spectrum labs, CA, USA). The dialysis bags were subsequently placed into vials containing 5 mL DPBS (pH 7.4) buffer solution. DEX (1 mg) dissolved in absolute ethanol served as control. All the samples were then placed in a shaking water bath at 60 rpm and a constant temperature of 37°C. At predetermined time points, the entire buffer medium was replaced with fresh buffer. Collected incubation medium containing the released drug was immediately stored at −80°C until further analysis. Prior to analysis samples were thawed and vortexed. The supernatant was extracted for DEX and analyzed by RP-HPLC.
Mixed Nanomicelle Stability
Stability studies were conducted for F1 MNFs. DEXloaded and blank mixed nanomicelles, were stored at 40°C, room temperature and 4°C. To avoid microbial growth during long term storage sodium azide, 0.025%w/v, was added. At predetermined time intervals, each sample was collected, centrifuged at 10,000×g for 5 min. The supernatant was collected and DEX was extracted from MNF following the procedure described for entrapment efficiency. The concentration of DEX remaining in solution was measured using RP-HPLC. Also, the size of mixed nanomicelles was determined at each time point following the previously described procedure.
Statistical Analysis
The experimental design and the data analysis were performed by student version of JMP® 9.0 software. Standard least squares were used to fit the models. Data for in vitro experiments were conducted at least in quadruplicate (n=4) and the results were expressed as mean±standard deviation (SD). Statistical comparison of mean values was performed with Student's t test. A P value of <0.05 was considered to be statistically significant.
RESULTS AND DISCUSSION
Selection of Critical (or Meaningful) Factors Based on Experimental Design
In this study, we selected full-factorial DOE to screen essential independent factors for outcomes (entrapment, size, and PDI). All the formulations were subjected to other characterizations such as loading efficiency, CMC, optical absorbance, osmolality, pH, dissociation temperature, regeneration time, osmolality, viscosity and surface potential (Tables I and  II) . The results for dependent variables (Y1, Y2, and Y3) from nine sets of MNFs are presented in Table I . The standard least square fit analysis via JMP® 9.0 software (30) was performed to identify the most influencing factors for each dependent variable. The model fit was significant when one of the formulations (F8 in Table I ) was excluded from the analysis. Therefore, eight sets of formulations were considered for formulation optimization following standard least square fit analysis. The main effects of one-factor and two-factor interaction effects were taken into consideration. The rationale behind this selection was higher interactions are less significant. The parameters that exhibited most significant outcome were selected and processed with standard least square regression model to fit those parameters. We could fit the model for percent entrapment efficiency but not for size and PDI. The summary for fit model for entrapment efficiency is presented in Table III . Further, analysis of variance (ANOVA) for entrapment efficiency showed a significant effect with F ratio (probability>F) of 0.026.
Master Formula (Prediction Equation)
The fit model developed the following polynomial equations for the output: entrapment efficiency (Eq. 4), MNF size (Eq. 5) and PDI (Eq. 6): After interpreting the data obtained (Eqs. 4, 5, and 6), polynomial equation for the response variable (Y1, Y2, and Y3) for three level, two-factor variables was developed. Since the polynomial equations for Y1 fit well (R 2 =0.880), it was used for optimization process. The other two polynomial equations for Y2 and Y3 did not fit (R 2 =0.41 and 0.23). The possible reasons for low fit may be due to extreme small size range of mixed nanomicelles. Results show that there is no significant difference in mixed nanomicellar size and PDI (Table I) . Therefore, the obtained polynomial equation for entrapment efficiency (Y1) was applied to predict entrapment efficiencies of MNFs by adjusting the levels of input variables. Of all the predicted entrapment efficiencies, MNF F1 was predicted to be (102.33%) when both polymers are set at high levels.
A Pareto chart was developed for each individual outcome. It is used to determine which factors and interactions are relevant. These charts are developed using the absolute value obtained from the half the value of main effects. The bars in the chart that extend past the line indicate values reaching statistical significance (α=0.05). In the case of entrapment efficiency both factors, Vit E TPGS and Oc-40, are found to pass the line indicating their statistically significant effect on entrapment efficiency (Fig. 1a) . But, interactions between these two input factors did not cross the line and was not significant for DEX entrapment efficiency. Similarly, effects of input variables on the MNF size and PDI outcomes were determined with Pareto chart and found to have negligible effect (Fig. 1b, c) . These results indicate that only DEX entrapment was dependent on individual input variables (Vit E TPGS and Oc-40). As said earlier, we were unable to fit the model for mixed nanomicellar size and PDI. Other models have to be tried to fit the model. From the obtained results in Table I , there appeared no significant difference in mixed nanomicellar size and PDI. Therefore, we did not make any attempts to use the fit model results. Also, the results obtained from the standard least square fit model for mixed nanomicellar size and PDI revealed that there is no statistically significant difference in the outcome (data not shown). Prediction profiler for entrapment efficiency, size and PDI was developed (Fig. 2) . Prediction profiler helps to determine the levels of input variables to be adjusted in a combination where the outcome can be predicted. We found that when both the input variables (Vit E TPGS and Oc-40) kept at high levels (4.5:2.0) resulted in high entrapment efficiency (98.7± 5.5), which is evident from the results. The prediction profiler results and the experimental results are in agreement. Therefore, the combination of variables at high level with high entrapment efficiency was assumed to be the better formulation. Further to determine the effects of the input variables on the entrapment efficiency we developed Contour plot (data not shown). Contour plot is a three dimensional representation for the outcome when the input variables are adjusted. From the contour plot, one can estimate the levels of the input variables and determine the outcome (present on the surface of the box). The shaded region in contour plot indicates the lower entrapment region of DEX. On the other hand, the unshaded region represents the higher entrapment. We observed that when both variables (Vit E TPGS and Oc-40) set at high level, high entrapment efficiency was predicted. Experimental design results and our experimental outcome suggest that when the polymer combination is kept at high level results in higher entrapment. Results appear to be in agreement with the outcome. From the prediction equation and contour plot, high entrapment efficiency was predicted when input variables were set at high levels. Taking input levels at high levels, entrapment efficiency was predicted to be 101.44%. We conducted MNF preparation following the procedure described earlier and the entrapment efficiency was determined according to the RP-HPLC method. Results confirmed that percent DEX entrapment into MNF to be 97.5± 2.5, which is in agreement with the DOE.
Entrapment and Loading Efficiency
DEX entrapment and loading into the mixed nanomicelles was determined with RP-HPLC method described earlier. All the MNFs showed excellent drug entrapment and loading efficiencies, which are summarized in Table I . Among the formulations prepared and from the experimental design results it can be concluded that formulation F1 has the highest entrapment efficiency with optimal drug loading. Before conducting further characterization for F1 formulation, all the formulations were commonly subjected to appearance, viscosity, osmolality, size, PDI, surface charge, dissociation temperature, and regeneration time tests (Table II) . In osmolality columns "before" means before addition of tonicity enhancing agent and "after" means improved tonicity after addition of tonicity enhancer D.T dissociation temperature, R.T regeneration time, mOsm/kg milliOsmols/kilogram, cP centipoise, mV millivolts, A.D.T. above detection point (>100°C), N.D not determined Mixed nanomicellar size and polydispersity indices were determined for all the prepared formulations. Results show a size range between 10 and 40 nm (Table I) . Polydispersity indices were observed to be in the range of 0.080-0.135 (Table I) . DEX-loaded MNF are slightly larger than blank MNF. Blank MNF (Vit E TPGS: Oc-40; 4.5:2.0) and optimally DEX-loaded MNF (F1) exhibited a size of 10.2±0.3 nm and 10.46±0.3 nm, respectively (Fig. 3) . We assume that the size of MNF to be sufficiently suitable to traverse across aqueous scleral channels/pore that have a size range between 20 and 80 nm (31) . Also, these micelles display a narrow and unimodal particle size distribution. However, no significant changes in micelles size or size distribution were noted. Since these MNF's are in the same size range as membrane receptors, proteins, and other biomolecules, such carriers may have the ability to bind with cellular barriers. Surface charge of MNFs was found to carry a slight negative charge (Table II) . Surface morphology of DEX-loaded MNFs was studied with TEM and results revealed that the MNFs are spherical in shape with smooth surface architecture without any aggregation (see Fig. 4 ). The particle size visualized by TEM were in agreement with the size obtained by DLS.
Optical Clarity/Appearance
One of the major objectives of this study was to prepare an aqueous clear solution of DEX. Optical clarity/appearance refers to 90% or greater transmission of light of 400 nm wavelength in a 1.0 cm path. Micelle size, typically smaller than the smallest wavelength of a visible light radiation (about 350 nm), denotes clarity of the solution. In general, light scattering occurs when any particle interferes with the visible light wavelengths. Due to extremely small size of the mixed nanomicelles, light is not scattered, which denotes a transparent/clear aqueous solution. Ophthalmic compositions of the present DEX formulations are substantially clear with an absorption units below 0.05 measured at 400 nm (data not shown). The low absorbance of the formulation indicates the clarity of the formulation which is devoid of any particulate matter. For example, absorbance data for the formulation (F1) used for the characterization studies was (0.040 ± 0.001). Optical clarity of the formulation was compared with distilled deionized water as blank. This study indicates that all the formulations are similar to water with no particulate matter present in the MNFs.
Viscosity
Viscosity of the formulation is another critical factor that needs to be maintained. Optimal viscosity helps to increase the mean residence time of MNF at the administration site (precorneal and under eye lid pocket). Therefore, bioadhesive polymers such as PVP-K-30, hydroxypropyl methyl cellulose, hydroxyethyl cellulose or polycarbophil could be used. High concentrations of these polymers were required to improve viscosity which resulted in undesirable outcomes like increase in MNF size, PDI or reduced MNF dissociation temperature (data not shown). However, PVP-K-90 polymer had negligible effect on the MNF and raised the dissociation temperature. Therefore, PVP-K-90 was selected as a bioadhesive and viscosity enhancing excipient/agent. Formulation viscosity was adjusted to be less than 2.0 centipoise (cP) (well below critical point of 4.4 cP) to hold the formulation in the cul-de-sac and which does not affect the rate of tear drainage (32) . 
Thermal Dissociation and Regeneration Time
The MNF has to be robust and the parameters used, in general, include thermal dissociation and regeneration time. DEX-loaded MNF with very high thermal dissociation temperature (DT) indicates the formulation is stable at high temperature. Following thermal dissociation when MNFs are allowed to cool to room temperature under ambient conditions, micelles were regenerated within less than 1 min resulting in optically clear solutions. In general micelles are unstable structures possessing two characteristic relaxation times i.e., fast (τ 1 ) and slow (τ 2 ). The results show the time taken to regenerate the micelles is in seconds (Table II) , because both surfactants are nonionic in nature. This peculiar behavior of the formulation indicates that the hydrophobic DEX is entrapped in the nanomicellar core even after being subjected to harsh conditions. Thermal dissociation/dissociation temperature of the blank MNF is about 20-40°C higher than the formulation containing drug. With temperature rising above DT, micelles appear to dissociate into individual monomer units. Such disruption of micelle structures causes drug release in surrounding aqueous medium. Such destabilization of mixed nanomicelles results in the formation of a cloudy or milky white solution. DT of the optimized formulation appears to be extremely high (>100°C) which provides maximal stability to the formulation at normal room temperature. The results clearly show that increase in concentration of Oc-40 raises the DT at constant Vit E TPGS.
Critical Micellar Concentration
Ocular drug delivery is impeded from delivering therapeutic concentrations of drug due to ocular static and dynamic barrier which includes tear/tear dilution (33) . CMC is a critical factor that regulates premature release of drug due to tear dilution after topical drop administration. Of the total volume applied, only 20% of the formulation is available for absorption (34) . The applied formulation occupies the space in precorneal pocket by replacing lacrimal fluid. The total volume of tear that precorneal pocket can hold without overflowing is 10 μl (35). Tear turnover rate is~0.7 μl/min (35) . The formulation applied will be continuously diluted by tears. This tear dilution may disrupt the micelles and release the drug at the site of application. To prevent the disruption of micelles by dilution a low CMC of the formulation is desired (36) . Therefore, to reduce the CMC of the polymeric surfactants a blend of nonionic polymers is used. This low CMC provides the DEX-entrapped MNF with high stability after topical drop application. In the current study, CMC was determined for Vit E TPGS, Oc-40 and for the blend of polymer mixtures (see Table I ) with iodine as a probe. A lowering in CMC is an indicator of stable formulation at low surfactant concentrations. The results obtained were plotted for iodine intensity vs log wt% of polymer or blend of polymers to determine the intersection, which is CMC. CMC of Vit E TPGS was found to be approximately 0.025 wt%, which is in agreement with the literature value. The other polymer, Oc-40, generated a CMC value of 0.107 wt% which is greater than the CMC of Vit E TPGS. A combination of the surfactants in varying ratio decreased the CMC value to 0.012 wt% (Formulation F1). The obtained individual results were subjected to student t test. The obtained CMC values are significant at p<0.05 level.
H NMR Characterization
1 H NMR analysis is used to determine the presence of drug molecules in solution at parts per million (ppm) levels. In the current study, qualitative 1 H NMR spectral analysis was conducted to confirm drug entrapment into the inner core of mixed nanomicelles in CDCl 3 and D 2 O . MNFs were prepared in different media such as CDCl 3 and D 2 O.
1 H NMR spectroscopy studies were conducted for DEX (Fig. 5a) , mixture of polymers dissolved in CDCl 3 ( Fig. 5b) and entrapped drug in CDCl 3 and D 2 O. The concentration of DEX entrapped in the MNF is~6.3 times higher than its aqueous solubility (0.159 mg/mL) (20) . Addition of higher concentration of DEX in the aqueous environment leads to drug precipitation at the bottom of the vial due to insolubility. In our studies, we did not observe any precipitate at the bottom of the vial. Also, due to DEX aqueous solubility, a small amount of unentrapped DEX may be present in the outer aqueous environment (D 2 O), which may not be identified visually or with naked eye. Results show that in CDCl 3 , the resonance peaks corresponding to DEX and mixed nanomicelles are present (Fig. 5c ). In D 2 O, peaks corresponding to mixed nanomicelles are only detected and no peaks for DEX were evident (Fig. 5d) . These results clearly indicate, DEX was entrapped into the inner hydrophobic microenvironment/core of mixed nanomicelles. Also, study suggests that no free/unentrapped DEX was present in the MNF. These results are similar to earlier shown results for paclitaxel-loaded mixed polymeric micelles in D 2 O (26,37).
In Vitro Cytotoxicity
To evaluate the cytotoxic effect of MNFs (blank and DEX-loaded), MTS and LDH assays were performed on rPCEC cells. Since eye drops are rapidly cleared from the precorneal pocket (38, 39) MTS assay was performed till 1 h. It was assumed that a 1 h incubation period would be sufficient to evaluate any toxicity. Percent viable cells for all the MNFs were comparable to that of negative control (culture medium) (Fig. 6a) . Triton-X 100 served as positive control and reduced the percent cell viability to 10% of the total cell number. In another set of studies, cell plasma membrane damage test (LDH assay). Studies were conducted following manufacturer's protocol for 2 h, 6 h and 24 h incubation and examined for LDH release. The amount of LDH released in the culture media directly correlates with cytotoxicity. Triton-X 100 caused significant toxicity/membrane damage. Percentage cytotoxicity to rPCEC cells post exposure to MNFs (blank and DEX-loaded) appeared to be negligible (Fig. 6b) indicating MNFs did not cause cell membrane damage. Results from these assays clearly suggest that our MNFs does not cause cell death or damage to plasma membrane and are safe for topical ocular application.
In Vitro DEX Release
In vitro release kinetics of DEX from Vit E TPGS and mixed nanomicelles (F1) were investigated at a physiological pH of 7.4 at 37°C. An equal quantity of DEX (1 mg) was dissolved in 1 ml of absolute ethanol that served as a control. DEX release from ethanolic solution was much more rapid than DEX in Vit E TPGS and mixed nanomicelles. Almost 100% DEX release occurs in approximately 4 h for ethanolic DEX. The release kinetic profiles of ethanolic and encapsulated DEX from the nanomicelles have been depicted in Fig. 7 . Mixed nanomicellar DEX release half-lives were slow and not associated with any significant burst effect. The results suggest a sustained release of DEX from the core of mixed nanomicelles over a period of 4.2 days. Results suggest that under physiological conditions, topical administration of DEX MNF helps to sustain release of DEX. As a result, it aids in Fig. 6 . Cytotoxicity of blank and 0.1% DEX-loaded mixed nanomicellar formulations on rabbit primary corneal epithelial cells (rPCEC). a Cytotoxicity of blank and DEX-loaded mixed nanomicellar formulations on rabbit primary corneal epithelial cells (rPCEC), 1 h exposure time, Triton-X 100 positive control and culture medium negative control; b Cell membrane damage (LDH assay) studies on rPCEC cells, 24 h incubation time, Triton-X 100 positive control and culture medium negative control (Formulation abbreviation are described in Table I) achieving therapeutic concentrations of DEX in ocular tissues thereby reducing dosing frequency.
Mixed Nanomicelle Stability
The stability of MNFs is a very important segment in the formulation development process. In order to determine the stability of the novel MNF, we selected F1 formulation for long term stability studies. MNF F1 has low CMC, high entrapment efficiency, small size, narrow polydispersity index, and high dissociation temperature. Formulation F1 was stored at 40°C, 25°C and 4°C for 6 months. Samples were monitored for time-dependent changes in mixed nanomicellar size and drug content during the storage period. At predetermined time points, MNF sample was collected, centrifuged at 10,000 rpm for 10 min at 4°C, supernatant was collected and analyzed for DEX with RP-HPLC. Analysis shows that the drug concentration was low (Fig. 8) . A plot of Ln DEX concentration vs time (h) was used to determine the shelf and half-lives of MNF. The formulation stored at 40°C exhibited a shelf life (t 90 ) of 4.2 days and half-life of 27.72 days respectively (Fig. 8) . Simultaneously, mixed nanomicellar size determination studies were conducted. No difference in micellar size for the samples was observed (data not shown). The micellar size for the formulation remained the same in the stability studies conducted at 40°C, room temperature (25°C) and 4°C. MNF of DEX stored at 25°C and 4°C are stable for more than 3 and 6 months, respectively (data not shown). Quantitative estimation of remainder DEX in the aqueous MNF was conducted with RP-HPLC as described earlier. At high temperature, the formulation showed decreasing DEX concentration with time. Free drug precipitated out of the formulation and settled at the bottom of the vial, which was confirmed by RP-HPLC after separation of precipitate from the aqueous MNF.
CONCLUSIONS
A clear, stable, aqueous DEX-loaded MNF was prepared and optimized with full-factorial statistical DOE. Results indicate that DEX entrapment efficiency was dependent on two input factors Vit E TPGS and Oc-40. A specific blend of Vit E TPGS and Oc-40 at a particular wt% ratio (4.5:2.0) produced excellent drug entrapment, loading and small mixed nanomicellar size as well as narrow PDI. This method of drug entrapment can minimize drug loss during large-scale production. Since this aqueous DEX-loaded MNF formulation is highly stable for prolonged period and it appears from the results that it may not be very toxic, it may be suitable for human application as ocular drops after in vivo evaluations. 
